We isolated a number of extremely halophilic archaea from four salt lakes (Red Bath, Green Bath, Shepherd Bath and Bride Cave) located in Slanic Prahova, Romania. The characterization of 12 representative isolates by polyphasic approach revealed that 11 strains were members of the genus Haloferax and only one was a member of the genus Haloarcula. The 11 Haloferax isolates possessed sulfated diglycosylarchaeol-1 as the major membrane glycolipid, and G+C contents of total DNA were 63.4 -65.8 mol%. The predominant isolation of Haloferax species from the lakes may suggest that the underground salt deposit possesses Haloferax species as the major biota of ancient origin. To the best of the authors' knowledge, this is the first paper on the survey of halophilic archaea of man-made young salt lakes.
Introduction
Extremely halophilic archaea are microorganisms that require high salt concentrations for growth and consequently inhabit hypersaline environments such as salt lakes (for example, the Dead Sea, the Great Salt Lake), crystallizer ponds of solar salterns, and salt mines around the world. Hypersaline environments are commonly found in Romania, and a number of these (five salt lakes located in Prahova county and Techirghiol Lake close to the Black Sea coast) have been found to contain halophilic archaea, a few strains for which preliminary taxonomic investigations have been conducted [1] . For example, recently, one strain was proposed as Haloferax prahovense [2] .
Salt exploitation in the Romanian Carpathian area has been conducted from antiquity until today due to the presence of about 200 salt massifs with characteristics that promote continued use, such as surface proximity, superior purities of NaCl, or large reserves (for example, Cacica, Tg. Ocna and Ocnele Mari) [3] .
The salt deposit from Slanic (formed in Neogen period) is located underground in Prahova city in the outer Carpathians area, 45 km north of Ploieşti. The area is a hillock in the sub-Carpathians Mountain range with rivulet Slanic as the main water flow. This salt deposit is 2.8 km long, 0.8 km breadth and between 45.5 m to 499 m thick [4] . The salt is a mixture of crystals having grey color, and these crystals are smaller compared to the white ones produced in other salt mines in Romania. This deposit is variegated (Figure 1 ), as a consequence of turnovers that took place during precipitation process, due to the climatic and sedimentary variation [5] . The sedimentary basin includes early formed authigenic minerals and allogenic minerals of whose origin is in the adjacent areas, but halite is the main authigenic mineral that was last precipitated into this basin [5] .
Salt extraction in the Slanic area started in 1685 [6] by using the bell type exploitation technology [7] . After the 18th century, some areas of exploitation were abandoned [7] resulting in man-made salt lakes, with various depth and width, known today as Green Bath (Baia Verde), Shepherd Bath (Baia Baciului), Red Bath (Baia Rosie) and Bride Cave (Grota Miresei) ( Table 1) . Green Bath is located on the left side of the Slanic valley, and the other three are on the right [8] . These anthropocentric lakes [8, 9] are therefore roughly 200 years old [4, 7] . Some analysis about chemical composition of the water body revealed the presence of Na (Table 1) as well as other elements [10] . Halophilic archaea (family Halobacteriaceae), at the time of this manuscript preparation, consist of 26 recognized genera [11] [12] [13] . Although a few nonpigmented strains are reported, most strains have been shown to be pigmented pink or red [14] . Their diversity, mainly in saline crystallizer ponds, remains as one research focus point [15, 16] . These artificial environments are characterized by a constant value of NaCl concentrations over the years [15] and may represent a selective environment for halophilic microorganisms. In comparison, the young artificial salt lakes are characterized by variations in salt concentrations due to climate and other natural conditions. Although various molecular techniques were proposed and applied in order to understand basic ecological principles associated with this type of artificial saline system [15] , the focus of this study was to identify microorganisms through laboratory isolation. These organisms, particularly relatively fast growing species (around one week) are hypothesized to play the most important role in the ecology of man-made salt lakes.
The taxonomy of these microorganisms at the genus level is based particularly on membrane lipids composition and 16S rRNA gene sequence. Since there were no detailed reports on the microbiota of Slanic hypersaline environments, this study evaluated the microbial diversity of these lakes, particularly with regards to halophilic archaea, by using a combination of molecular and biochemical methods. This polyphasic approach demonstrated that these hypersaline environments, as expected, were inhabited by halophilic archaea, with the predominant species belonging to the Haloferax genus.
Experimental Procedures
The strains were isolated from the following lakes: Green Bath, Red Bath, Shepherd Bath and Bride Cave. The water samples were collected from various locations and depths in each lake. The concentrations of Na + and Mg 2+ of the lakes were determined according to method described by Steve (1995) and Berry and Johnson (1966) [17, 18] . Bride Cave is a lake with more than 80% of the circumference surrounded by crop-out rock salt, thus the water is almost completely salt-saturated. Shepherd Bath is located very close to Bride Cave but separated by a path, and the salt concentration is one third of the former. Both Green Bath and Red Bath are isolated from all others.
The strains were isolated in a medium (I) with the following composition (g/l): NaCl water, depending on the samples, were placed in a Petri dish and mixed with 30 or 20 ml of the autoclaved molten agar culture medium (I) (cooled to 55-60 0 C). After solidification, the plates were incubated at 37 0 C for 7-10 days. The colonies were purified by repeated transfers on the plates.
In order to differentiate the halophilic archaea from halophilic bacteria (Eubacteria), isolated strains were streaked on the solidified medium (I) containing taurocholic acid sodium salt, a bile acid, at a concentration of 0.25 g/l or chloramphenicol at 20 mg/l, which prevents halophilic archaea growth [19, 20] . Cultures were incubated for ten days at 37 0 C, and strains that grew on the plates were considered bacteria.
Isolation and identified of membrane lipids by thin layer chromatography were done by the method described by Kamekura [21] . Cells from 100 ml of cultures were harvested by centrifugation and the pellet was washed with a basic salt solution. The washed cells were resuspended in 20 ml of basic salt, to which chloroform -methanol (1/2 v/v) were added and stirred for 1-2 hours at room temperature. The mixture was then centrifuged and the supernatant was transferred to separator funnels and 2 volumes of chloroform -water (1/1 v/v) was added. By gently shaking, the mixture separated into two phases. The lower phase was withdrawn, dried down and dissolved in chloroform.
Biochemical tests for catalase and oxidase activities, formation of indole and starch hydrolysis were performed according to standard procedures. Formation of sulfide was determined as described by Xin et al. [22] . Hydrolysis of Tween 80 and gelatin were detected using the method of Gutierrez and Gonzalez [23] . Casein hydrolysis was tested on solidified JCM medium No. 168 (without casamino acids but containing 1g/l yeast extract) supplemented with 1% skim milk. The production of halocin (bacteriocin produced by halophilic archaea) was evaluated according to the procedure of Meseguer and Rodriguez-Valera [24] . Briefly, two ml of culture tested as target were placed in 20 ml molten agar medium. After solidification, wells were cut in the layer, into which were deposited 100 μl of culture tested as producer, and incubated at 37 0 C for 7-10 days. Inhibitory activity was only considered positive if a clear inhibition zone surrounding a well was observed.
G+C content of the chromosomal DNA was determined by the HPLC method of Tamaoka [25] .
For the 16S rRNA gene sequence analysis, total DNA was extracted and purified using the method of Tamaoka [25] adapted for halophilic archaea. The 16S rRNA genes were amplified using PCR, with the following forward and reverse primers: 5'-TCCGGTTGATCCTGCCG (position 8 -24, Escherichia coli numbering) and 5' -GGAGGTGATCCAGCCG (position 1540 -1525). PCR products were sequenced using BigDye Terminator Cycle Sequencing Kit (Pharmacia Biotech) and Applied Biosystems ABI Prism DNA Sequencer. The sequence obtained was compared in BLAST database search and then was aligned with other reported halobacterial 16S rRNA gene sequences by using the CLUSTAL W 1.7 program. The phylogenetic tree was reconstructed by the neighbor-joining method [26] .
Results and Discussion

Numbers of halophiles
The chloride concentrations of the four lakes were between 74.9 g/l (Red Bath) and 254.6 g/l (Bride Cave) and pH values ranged from 7.9 in Red Bath until to 9.0 in Green Bath ( The data of pH and Cl-were taken from our previous paper [1] .
grow in the presence of high concentration of NaCl and MgCl 2 x6H 2 O, 125 and 160 g/l, respectively. The number of colonies ranged from 750 c.f.u./ml of water sample from Bride Cave to 2500 c.f.u./ml in Red Bath (Table 1) . In Shepherd Bath and Green Bath, colony numbers (Table 1) were surprisingly low, particularly for the Bride Cave, when compared to those reported for various salt lakes of similar salt concentrations. For example, the Dead Sea and Great Salt Lake are inhabited by halophilic microorganisms of the magnitude of 10 6 cells/g, although fluctuating periodically [27, 28] and Lake Chaka in northwestern China by 4.8 x 10 6 cells/ ml [29] .
Isolation of halophilic archaeal strains
Although non-pigmented colonies were observed on the agar plates, we presumed they were halophilic eubacteria, and colonies that showed pigmentation varying from orange to different red color were picked up randomly from the plate and purified by repeated transfer on slant of the agar medium. Strains that were unable to grow with taurocholic acid but able to grow with chloramphenicol were assumed to belong to archaea. As summarized in Table 1 , eubacteria were three to eight times more predominant than archaea.
Since the colonies did not reveal microorganism diversity, we took only a few samples from each lake, as detailed in Table 1 , in order to estimate the types of haloarchea inhabiting the investigated environments. The archaeal 12 strains selected for further investigation, (Table 1) , showed pink or orange (slowly becoming red) color, but the intensity of pigmentation decreases when the strains were transferred from plate to slant medium. Pigmentation was also affected by growth temperature. A high intensity of pigmentation was observed at high temperatures, generally up to 45 0 C. The strains with pink pigmentation were positive for casein hydrolysis while the strains having various orange form of pigmentation were negative.
Analysis of polar lipid
Thin layer chromatography of the total lipids of the archaeal 12 strains revealed that they possessed the glycerol diether analogues of phosphatidyl glycerol (PG) and methyl ester of phosphatidyl glycerol phosphate (PGP-Me) as phospholipids and a major glycolipid. Eleven strains possessed the same glycolipid, sulfated diglycosyl archaeol-1 (S-DGA-1). The presence of S-DGA-1 is ubiquitous in all validly published species of the genus Haloferax [30] Figure 2 and Table 2 . The only exception was the strain GR3 which possessed a glycolipid, Glyc.1 (data not shown), different from S-DGA-1 and DGA-1. This suggests that the strain GR3 belongs to other genera.
Biochemical tests
Other characteristics of investigated strains are shown in Table 3 . All strains were oxidase and catalase positive. Indole was produced from tryptone, except strains GR3 and sulfide from sodium thiosulphate. Except the strains 20 and GR3, they hydrolyzed starch. All strains except GR3 hydrolyzed Tween 80. The strains BB7, BV5, BV1, BR1, and GR1 hydrolyzed gelatin, while strains BB8, GR2, GR3, BR2, BV2, 19 and 20 did not. 
Phylogenetic tree reconstruction
The tree reconstructed from the 16S rRNA gene sequences (Figure 3 ) implied that phylogentic relatedness based on this characteristic is similar to that based on TLC of polar lipids for strains in the genus Haloferax. Strains 19 and 20 were not included in the tree since sequences were not complete, but similarities of these sequences partially determined were 98 and 96% with Haloferax volcanii, suggesting they are also members of the genus Haloferax. Strains BR1, BB7, BV5, BV1, and GR1 formed a tight cluster in the genus Haloferax, suggesting they constitute a new species. Two strains (GR2 and BR2) were very closely related to Haloferax sp. M8 isolated from Zoodletone Spring in southwestern Oklahoma, a low-salt, sulfide-and sulfur-rich spring [31] . The accession numbers of the sequences of three strains deposited to DDBJ are inserted in brackets in the tree. The strain GR3 that has shown characteristics different from the other 11 strains clustered to species of the genus Haloarcula.
DNA G + C content
The G + C contents of total DNA of the tested strains belonging to the genus Haloferax were between 63.4 and 65.8 mol% (Table 3 ). The contents of the Haloferax species reported so far were in the range of 59.5 and 64.5 mol%. The G+C content of the strain GR3, which clustered with species of the genus Haloarcula (Figure 3) , was 58.5 mol%, lower from those of the Haloarcula species reported in other studies (60.1-64.7 mol%) [32] .
Halocin production
Halophilic archaeal strains inhabit environments in which only a few other organisms are able to grow, and are probably competitors within these environments. The production of halocins (bacteriocin-like substances) [14, 33, 34] could provide a mechanisms by which species avoid competition with other species having same environmental requirements. The present study revealed that six out of nine tested strains were able to produce halocins active against other strains (Table 4) while three did not produce any halocins. On the other hand, five strains (BR1, BR2, BV1, BV5 and GR1) were not sensitive to any halocins produced by other strains, while remaining four strains were sensitive to halocins produced by other strains to varying degrees. Strains BV2 and GR3 were sensitive to all halocins, while BB8 and GR2 were insensitive to one or two halocins. When compared as a halocin producer and target, strains BV1, BV5, and GR1 showed the identical patterns, supporting the tight clustering of these three strains in the phylogenetic tree.
Predominant isolation of Haloferax
As described above, Bride Cave was the most saline environment (Cl -254 g/l and Na + 113 g/l), while Red Bath was the lowest, (75 and 44 g/l, respectively). Our data suggested that the number of colony forming units decreased with increasing chloride and sodium concentrations. On the other hand, the number of colonies belonging to archaea had no apparent correlation with
Mol% G+C Table 3 . Phenotypic properties of 12 strains. Table 4 . Antagonistic interactions among nine strains due to halocin production. Each vertical line represented the activity spectrum of the strain.
chloride concentration. The number of archaeal colony in Shepherd Bath was higher than in Green Bath where the chloride concentration was higher (Table 1) . Taking into account the origin of the investigated salt lakes, the predominance of Haloferax species in all lakes may suggest that the underground salt deposit from Slanic possesses Haloferax species as the major biota of ancient origin, although species of genera Halorubrum and Halobacterium [35] or Haloccocus have been shown to be associated with ancient rock salt samples [36, 37] .
Conclusions
We isolated and identified 12 halophilic archaeal strains. Eleven strains belonged to the genus Haloferax and one strain belonged to Haloarcula. All strains belonging to genus Haloferax possessed a glycolipid S-DGA-1, which is present in all Haloferax species reported so far. The strain GR3 isolated from Bride Cave Lake contained a glycolipid different from S-DGA-1. The predominant presence of Haloferax strains in the four salt lakes could be due also to the halocin production as a mechanism to compete in hypersaline environments. In our preliminary study [1] , we reported that BV1, BV5, and BB8 as Halococcus, BR2 as Natronococcus, GR2 as Haloarcula and BV2 as Halobacterium based on simple morphological observation and lipid composition. We believe that the affiliation of these strains based on the polyphasic approach is correct. Among those isolates, the following strains have been deposited in the JCM: BB8=JCM 13920, BR2=JCM 13921, GR2=JCM 13922, BV2=JCM 13923.
To the best of the authors' knowledge, this is the first paper to survey halophilic archaea in young, man-made, salt lakes.
